Ribosome assembly cofactors are widely conserved across all domains of life. One 19 such group, the ribosome-associated GTPases (RA-GTPase), act as molecular switches 20 to coordinate ribosome assembly. We previously identified the Staphylococcus aureus 21 RA-GTPase Era as a target for the stringent response alarmone (p)ppGpp, although the 22 function of Era in ribosome assembly is unclear. Era is highly conserved throughout 23 the bacterial kingdom and is essential in many species. Here we show that Era is not 24 essential in S. aureus but is important for 30S ribosomal subunit assembly. Protein 25 interaction studies reveal that Era interacts with the endonuclease YbeY and the 26 DEAD-box RNA helicase CshA. We determine that both Era and CshA are required 27 for growth at suboptimal temperatures, virulence and 16S rRNA processing. Era and 28
Introduction
6 and growth at low temperatures. We additionally demonstrate that both Era and CshA 111 interact with the (p)ppGpp synthetase Rel SA , and that cellular rRNA processing is 112 controlled in a stringent response-dependent manner. With this, we propose that Era is 113 a protein that facilitates the interactions between a number of rRNA processing and 114 degrading enzymes and the 30S subunit/16S rRNA, and show that under stress 115 conditions the stringent response is important for this process. 
Results

119
Era is not essential in S. aureus but is required for normal growth and ribosome 120 assembly 121
Previous reports show that era is an essential gene in multiple bacterial species [3, 6] . 122
In agreement with this, transposon insertions in this gene have not been identified in a 123 number of published S. aureus transposon libraries [23] [24] [25] . Closer inspection of the 124 transposon insertion hits within the era operon obtained in the Nebraska S. aureus 125 mutant library [23] reveals insertions in ybeZ, a gene of unknown function, and at the 126 3' end of the diacylglycerol kinase dgkA but not within ybeY, cdd, era or recO, 127 suggestive of an additional promoter upstream of era and cdd (Fig 1a) . To rule out 128 polar effects and examine whether era in isolation is essential, we replaced the entire 129 coding sequence with the Tet-encoding tetAM open reading frame in the presence of 130 7 indicating that this gene is not essential in S. aureus. We next transduced the era 136 deletion into the community-associated methicillin resistant S. aureus strain LAC* to 137 rule out secondary mutations and used this strain for further studies. Analysis of 138 growth rates revealed that an era mutant strain, while viable, does have a significant 139 growth defect, which can be complemented by the expression of Era from 140 pCN55iTET-era (Fig 1b) . 141
A role for Era as a ribosomal subunit assembly cofactor has been reported in 142 both E. coli and B. subtilis, where depletion leads to a decrease in 70S ribosomes and 143 an accumulation of individual 50S and 30S subunits [26, 27] . We reasoned that the 144 growth defect observed in S. aureus may be due to defects in ribosome assembly. To 145 investigate this in the context of a complete era deletion, we analysed the cellular 146 ribosomal content of wildtype, mutant and complemented strains by sucrose density 147 centrifugation. This revealed that the era mutant strain contained fewer polysomes 148 with a concurrent build-up of 50S subunits, a defect that was reversed in the presence 149 of the complementing plasmid (Fig 1c) . As cryo-electron microscopy has shown Era 150
interacting with the 30S subunit [14] , an excess of free 50S subunits may be, in and of 151 itself, an indication that there is a defect in small subunit biogenesis, leading to a 152 build-up in free 50S. While the peak for polysomes disappeared, the levels of 70S 153 ribosomes remained similar between the wildtype and mutant, however it is not known 154 if these 70S ribosomes are fully functional. We reasoned that this defect in ribosome 155 assembly might make the era mutant strain more susceptible to ribosome-targeting 156 antibiotics. In agreement with this, we observed that the minimum inhibitory 157 concentration (MIC) for the Δera strain decreased 2-4-fold when exposed to the 30S-158 targeting antibiotic spectinomycin ( Fig S1a) . However, the MIC was unaffected by the 159 50S targeting antibiotic chloramphenicol ( Fig S1b) . Together this indicates that while 8 Era is not an essential protein in S. aureus, it is important for optimal growth and 161 ribosome maturation. 162 163 Uncovering Era protein interaction dynamics in a native background 164
In S. aureus, Era is encoded in an operon with five other genes, one of which encodes 165 YbeY (Fig 1a) . YbeY is an endoribonuclease implicated in the maturation of the 3' 166 terminus of 16S rRNA in E. coli, as well as a quality control checkpoint protein that 167 together with RNase R is involved in eliminating defective 70S ribosomes [19, 28] . 168
Era interacts with YbeY in E. coli [18] , although these two genes are not encoded in 169 the same operon in that organism (Fig 1a) . To determine whether Era from S. aureus 170 interacts with YbeY, and/or any other proteins encoded in the S. aureus era operon, 171
we first used a bacterial two-hybrid approach, heterologously expressing Era in 172 combination with YbeZ, YbeY, DgkA, Cdd or RecO in E. coli. Using this approach, 173 we observed that Era potentially interacts with YbeY and YbeZ (Fig 2a) . 174
In order to look at these interactions natively in an S. aureus background, we 175 adapted a split-luciferase system recently developed to analyse protein-protein 176 interactions in Clostridium difficile for use in S. aureus (Fig 2b) [29]. The era gene, in 177 combination with itself and each of the operon genes, were cloned into the split-178 luciferase plasmid pAP118 and introduced into S. aureus strain LAC*. Induction of 179 protein expression with Atet revealed a strong positive interaction for Era with itself 180 (Fig 2c) , indicating that Era can form dimers. Dimerisation of Era has previously been 181 observed while solving the crystal structure of the E. coli protein [30], and so this 182 interaction confirms the functionality of the split-luciferase system in S. aureus. In 183 addition, a significant interaction was also observed for Era and YbeY (2 x above the 184 control), although not for YbeZ (1.40 x above the control) ( Fig 2c) . In agreement with 185 the bacterial two-hybrid results, no interactions occurred between Era and DgkA, Cdd 186 or RecO. A decrease in luminescence below the Era control pAP256-era SB -LB occurred 187 when co-expressing Era with DgkA and RecO. The reason for this is unclear but could 188 be due to toxicity upon over-expression of a second copy of these genes from a multi-189 copy plasmid. To confirm the validity of the Era-YbeY interaction in vitro, we 190 performed pulldown assays using glutathione beads coupled to either GST or tagged Era and incubated them with His-tagged YbeY (Fig 2d) . Here we observed 192 low-level cross reactivity of YbeY with the gluthatione beads that could not be 193 reduced despite increased washes. However, His-YbeY was pulled down significantly 194 more in the presence of Era (Fig 2d) . Altogether the bacterial two-hybrid, split We wished to shed further light on the role played by Era in the cell and sought to 202 identify unknown interaction partners using a genome-wide bacterial two-hybrid 203 screen. A library of S. aureus genomic DNA fragments cloned into pUT18C was 204 screened against pKNT25-era. Of the 17 hits obtained, 14 contained fragments 205 mapping to cshA, a gene encoding a DEAD-box RNA helicase. CshA functions in 206 mRNA protection and RNA decay in S. aureus [31, 32] , while the homologue CsdA 207 from E. coli is involved in the cold shock degradosome [33] . To confirm the 208 interaction between Era and CshA, full-length cshA was cloned into both pUT18 and 209 pUT18C. Upon co-transformation, interactions occurred between CshA-T18 and both 210 T25-Era and Era-T25 (Fig 3a) . 211
To assess this interaction in vitro, we performed pulldown assays using 212 glutathione beads coupled to either GST or GST-tagged CshA and incubated them 213
with His-tagged Era, revealing that while His-Era did not interact with the control 214 GST protein, it was pulled down in the presence of CshA (Fig 3b) . Finally, to analyse 215 and confirm this interaction in the context of the native host, we used the split 216 luciferase assay (Fig 2b) . Assaying for luminescence revealed a 4-fold increase in 217 luciferase activity upon co-expression of Era and CshA (Fig 3c) , confirming the 218 identification of a novel Era interaction partner. CT-region (aa 383-506) were cloned, together with Era, into the split luciferase vector 231 pAP118. Interactions with full-length Era were only apparent in the presence of the 232 full core helicase domain (aa 1-382: Fig 3e) , indicating that the RNA-binding CT 233 region of CshA is dispensable for this interaction. To determine whether the GTPase 234 domain of Era is required for binding, a shorter construct comprising the N-terminal G 235 domain (aa 1-180) was cloned into pAP118 alongside full-length CshA. Luciferase 236 assays reveal that the G domain is sufficient for this interaction (Fig 3f) . 237 238
Interactions between Era and CshA do not affect enzymatic activity 239
CshA is an RNA helicase, while Era has GTPase activity. To investigate whether the 240 interaction between these two proteins affects the enzymatic activity of either one, we 241 first performed helicase assays. A double stranded RNA oligo was incubated with each 242 protein singly or in combination. While CshA was able to unwind the dsRNA, the 243 addition of Era had no effect on its activity ( Fig S2a) . In addition, the GTPase activity 244
of Era was unaltered in the presence of either CshA or YbeY ( Fig S2b and S2c) , 245
indicating that while these proteins do interact, this binding has little effect on their 246 enzymatic functions. As previously proposed, we suggest that these interactions fit 247 with a role for Era as a guide for rRNA/ribosome maturation enzymes to their 248 substrates [14, 18] . 249 250 CshA and Era are both required for growth at suboptimal temperatures, 251 virulence and rRNA processing 252
In E. coli, CshA has been linked to survival at low temperatures [34], while strains 253 with depleted levels of Era are sensitive to both cold and heat shock [9, 10]. To 254 examine the importance of these enzymes in S. aureus, we utilised deletion strains in 255 the S. aureus MRSA strain LAC*. While both the S. aureus era and cshA null mutants 256 showed significant growth defects at 37°C (Fig 1b and S3a) , the growth of both was 257 severely compromised at 25°C (Fig 4a and S3b) . This defect was enhanced in a double 258
Δera cshA mutant, which failed to grow at 25°C even after 48 h (Fig 4a and S3b) , 259 highlighting that these two proteins are essential for bacteria to cope with growth at 260 suboptimal temperatures. 261
Era is an RA-GTPase that, along with a second RA-GTPase RsgA, binds to the 262 30S ribosomal subunit [14, 35] . In E. coli, overexpression of Era can complement a 263 deletion of rsgA [36] . After confirming that expression of Era can complement a 264 deletion of rsgA in S. aureus ( Fig S4a) , we used cross-complementation of the Δera 265
and ΔcshA mutations to investigate whether Era and CshA act in the same pathway 266 and can functionally complement each other. However, cross-complementation did not 267 improve growth at 25°C ( Fig S4b and S4c) , indicating that while these proteins 268 interact and bacteria lacking both cannot survive cold temperatures, they have separate 269 cellular functions. We next assessed the contribution of each gene to the virulence of 270
S. aureus using Galleria mellonella as an invertebrate model of systemic infection. 271
While the wildtype bacteria were fully virulent, both the era and cshA mutant strains 272 displayed reduced killing, with the combined double mutant being completely 273 avirulent (Fig 4b) . 274
To understand why Era and CshA are so important for growth at cold 275 temperatures and for virulence, we sought to assess the impact of deleting these genes 276 on the cellular rRNA. We observed that RNA extracted from both the single Δera and 277 double Δera cshA strains grown at 37°C had a processing or degradation intermediate 278 migrating slightly below the 16S band (Fig 4c) . At 25°C we also observed a defect for 279 the ΔcshA mutant strain and multiple additional bands were evident in the Δera cshA 280 double mutant (Fig 4c) , which could represent either processing intermediates from 281 the 16S, or degradation intermediates from both the 23S and the 16S. A build-up of 282 degradation products are expected in the cshA mutant due to its role in the RNA 283 degradosome. However, to determine whether processing defects could be occurring 284 13 in these mutant strains when grown at low temperatures, we performed qRT-PCR with 285 probes that either amplified internally to the 16S rRNA sequence, or either flanked the 286 5' or 3' processing junctions required to convert 17S into mature 16S rRNA (Fig 4d) . 287
While the levels of 16S rRNA were not significantly different between wildtype and 288 mutants, large increases in unprocessed 5' and 3' rRNA were evident in the Δera strain 289 ( Fig 4d) . As Era is known to interact with the 30S ribosomal subunit, this could 290 potentially be due to mis-localisation of endonuclease YbeY in the absence of Era. It is 291 therefore, possible that Era acts as an intermediary protein on the 30S ribosomal 292 subunit, enabling proteins such as the endonuclease YbeY, and the RNA-degradosome 293 helicase CshA to access the 17S rRNA, allowing for processing (maturation or 294 degradation as appropriate) of rRNA under normal and stress conditions, such as 295 growth at cold temperatures. 296 297
Rel SA interacts with both Era and CshA 298
Our previous work demonstrated that the GTPase activity of Era is inhibited by the 299 stringent response alarmone ppGpp [22] . To examine whether ppGpp also interacts 300
with CshA we performed DRaCALA assays, revealing that this nucleotide does not 301 interact with CshA ( Fig S5a) , nor does the affinity of ppGpp for Era alter in the 302 presence of CshA (K d of 3.1 ± 0.4 µM in the absence versus 3.2 ± 0.3 µM in the 303 presence of CshA) ( Fig S5b) . 304
To investigate whether the stringent response has any additional points of 305 interaction with either Era and CshA, we examined whether one of the (p)ppGpp 306 synthetases might directly interact with either protein via bacterial two-hybrid. This 307 revealed that Rel SA , but not RelP or RelQ, interacts with CshA and that Rel SA interacts 308
with Era (Fig 5a) . To confirm this interaction, we first used affinity pulldown assays, 309
showing that although no significant interaction occurred with Era, CshA and Rel SA 310 interacted quite strongly (Fig 5b) . Following this, we again used the split luciferase 311 assay, which confirmed an interaction between Rel SA and CshA (Fig 5c) or Era (Fig  312   5d ). It was interesting to note that the CshA-Rel SA interaction only occurred in the 313
CshA SB -Rel LB and not the Rel SB -CshA LB orientation, highlighting the importance of 314 creating both types of luciferase fusions. 315 316 Rel SA positively affects the GTPase activity of Era and is important for rRNA 317 processing 318
We wished to ascertain whether the interactions between Rel SA and Era impact the 319 activity of either enzyme. Recombinantly purified full-length Rel SA is known to be in 320 the synthetase-off/hydrolase-on conformation in vitro [37] . Using purified Rel SA , we 321 determined that Era and CshA have no effect on the pppGpp hydrolase activity of this 322 enzyme ( Fig S5c) . However, upon examination of the GTPase activity of Era, we 323 observed significantly increased activity in the presence of Rel SA (Fig 6a) . 324
Through Rel SA , the stringent response appears to interact with components of the 325 ribosome and 16S rRNA processing machinery. To analyse the importance of the 326 stringent response for rRNA processing, we grew the wildtype S. aureus LAC* at 327 25°C, a condition under which we have shown that both Era and CshA are important 328 for viability, and induced the stringent response with mupirocin, an antibiotic that 329 inhibits the isoleucyl-tRNA synthetase mimicking amino acid deprivation [38] . We 330 again performed qRT-PCR with the probes as in Fig 4d that either amplified internally 331 to the 16S rRNA sequence, or either flanked the 5' or 3' processing junctions of the 332 17S rRNA. For the probe internal to the 16S rRNA we observed a significant decrease 333 in 16S rRNA in the presence of mupirocin (Fig 6b) . This is expected, as it is known 334 that rRNA levels decrease upon activation of the stringent response. However, when 335
we compare the amount of unprocessed 5' or 3' sequences relative to the level of 16S 336 in each strain, we observed a significant increase in the amount of unprocessed leader 337 17S rRNA upon induction of (p)ppGpp (Fig 6c: p = 0 .0031). We have previously 338
shown that ppGpp interacts with Era and that mature ribosome formation is inhibited 339 upon induction of the stringent response [22] . Here we propose that the stringent 340 
Era-depleted cells have defects in spore formation [7], while growth defects in strains 360
containing Era variants with reduced nucleotide binding abilities can be rescued by 361 truncating either rpoN or ptsN [11] . RpoN is required for nitrogen assimilation and 362 fixation, while PtsN is involved in sugar transport, suggesting that Era is also involved 363 in regulating carbon and nitrogen metabolism. Localisation studies have indicated that 364 this protein is present at both the membrane and in the cytoplasm [40], and so it has 365 been suggested that this enzyme cycles between the membrane and the ribosome in 366 response to cellular triggers. In addition to ribosomal biogenesis factors, Era has been 367 highlighting a link between these two proteins. Although not encoded in the same 384 operon as era in E. coli, this prompted us to examine the interactions of all other 385 proteins encoded in the era operon in S. aureus with Era ( Fig 2) . As in E. coli, YbeY 386 from S. aureus interacts with Era. YbeZ also interacted by bacterial two-hybrid but not 387 significantly using the quantitative luciferase assay (Fig 2) . YbeZ has been shown to 388 interact with YbeY in E. coli [18] . This protein has an ATPase domain and an RNA 389 binding motif, and so is likely to also bind to the 17S rRNA and may form a complex 390 with Era and YbeY to aid in processing the 17S rRNA to the mature 16S form. 391
Here we use interaction studies to show that Era interacts with a protein 392 involved in survival at suboptimal temperatures, the DEAD-box RNA helicase CshA 393 that Era and CshA interact in vitro and when expressed heterologously in E. coli (Fig  402   3a and 3b) . We additionally used an adapted split luciferase assay to show this 403 interaction natively in S. aureus (Fig 3c) . Using this assay has also allowed us to 404 determine that the CT disordered region of CshA, which is important for binding to 405 mRNA and the degradosome [32], is dispensable for interacting with Era (Fig 3) . 406
Using cshA and era deletion strains we show that both single mutants are 407 important for growth at cold temperatures, with a double mutant unable to survive at 408 25°C (Fig 4) . By examining the rRNA of these strains we observe that the era mutant 409 strain has increased 17S unprocessed rRNA intermediates (Fig 4d) . Additionally, a 410 double Dera cshA mutant has multiple processing and degradation defects (Fig 4c) . It 411 has been proposed that Era may act to guide processing enzymes to their site of action 412
[18]. In keeping with this, we have observed that these proteins have little effect on the 413 enzymatic activity of each other. Therefore, we propose a model whereby Era acts as 414 an intermediary protein, allowing proteins such as the endonuclease YbeY and the 415 RNA helicase CshA, and potentially others, access to their substrate rRNA. It has been 416 suggested that CshA helps RNase components of the degradosome access cleavage 417 sites that may be otherwise inaccessible [45] , and so it is tempting to speculate that Era 418 is responsible for recruiting CshA to target misfolded ribosomal subunits for 419 degradation under stress conditions. 420
Cellular levels of rRNA are controlled by the stringent response [46] . Upon 421 activation of the stringent response, transcription from rRNA promoters is reduced 422 (Fig 6b) , either by direct binding of ppGpp to the RNA polymerase in Gram negatives, 423 or by tight control of cellular GTP levels in Gram positives [47, 48] . Here we see an 424 additional level of regulation by the stringent response on rRNA. We show a direct 425 interaction between the (p)ppGpp synthetase Rel SA and both CshA and Era (Fig 5) , 426 and show that Rel SA has a positive effect on the GTPase activity of Era (Fig 6a) . 427
Additionally, we observed that the activation of the stringent response results in 428 increased processing defects in a wildtype strain grown at 25°C (Fig 6c) . RA-GTPases 429 are reported to have increased association to the ribosome in the GTP-bound form. 430
Hydrolysis of GTP then acts as a signal to promote dissociation, presumably following 431 a maturation event [49, 50] . The increased GTPase activity of Era in the presence of 432
Rel SA could promote premature dissociation of Era from the ribosome, leading to 433 processing defects (Fig 6c) and contributing to the stalled growth phenotype 434 synonymous with the stringent response. The precise dynamics of processing-enzyme 435 association under stress conditions requires further in-depth research but is beyond the 436 scope of this study. For instance, under what growth conditions is Rel SA binding to Era 437
and CshA promoted and how does this affect the localisation of processing proteins to 438 the ribosome? 439
Taken together, we demonstrate a cellular function for Era as a protein 440 important for coordinating 30S ribosomal biogenesis in a stringent response-dependent 441 manner. It is possible that defects in ribosomal assembly lead to altered protein 442 translation, which may be the reason for the plethora of other phenotypes associated 443 with depletion of Era. As Era can complement a defect in RsgA (Fig S4a, [36] ), as The negative is pAP256-era SB -LB , which has Era fused to the SB but nothing fused to 807 36 LB. The negative is normalised to a relative luminescence unit (RLU) of 1. The 808 average values and standard deviations of triplicate experiments are plotted (N=3). 809
Statistical analysis was performed using a one-way ANOVA, followed by Dunnett's 810 multiple comparisons test (** P < 0.005, **** P < 0.0001). D) Top: affinity pulldown 811 assay using GST or GST-tagged Era coupled to glutathione beads. Beads alone, GST 812 or GST-Era coupled beads were incubated with His-tagged YbeY. After washing, 813
bound YbeY-His was detected using HRP-conjugated anti-His antibodies. N=3 with 814 one representative image shown. Below: the mean signal intensities and standard 815 deviations from the 3 repeats are plotted. Statistical analysis was performed using a 816 one-way ANOVA, followed by Dunnett's multiple comparisons test (* P < 0.05). showing an interaction between CshA-T18 and both Era-T25 and T25-Era. Era is 832 known to form a dimer and an Era-Era interaction is used as a positive control. N=3 833 with one representative image shown. B) Affinity pulldown assay using GST or GST-834 tagged CshA coupled to glutathione beads. Beads were incubated with His-tagged Era 835 and after washing bound protein was detected using HRP-conjugated anti-His 836
antibodies. N=3 with one representative image shown. C) Split luciferase assay 837 demonstrating an interaction between Era and CshA in S. aureus. Dimers resulting 838 from Era fused to both the small (SB) and large bits (LB) of the luciferase gene 839 function as a positive control. The negative, which is normalised to a relative 840 luminescence unit (RLU) of 1, has Era fused to the SB but nothing fused to LB. Cells 841
